Abstract: As a new technique of indoor localization, visible light positioning has the advantages of high accuracy and antielectromagnetic interference. Received signal strength (RSS) based visible light positioning method is easy to implement because it requires simple hardware structure. However, in practical scenarios, the actual channel gain does not follow the ideal channel model. Instead of Lambertian channel model, some approximations have to be adopted to describe the relationship between received optical power and distance, and these approximations will cause deviation of positioning calculation. In this paper, an optical antenna based on freeform lens design is proposed to improve the accuracy of RSS-based positioning. With the optical antenna, the luminous intensity distribution is optimized, and the relationship between received optical power and distance becomes a simple linear relationship. Results show that RSS-based positioning system using freeform lens optical antenna can improve the positioning accuracy by 44%. Furthermore, the advantage of the optical antenna we designed for a visible light communication positioning system demonstrated uniformity under different conditions.
Introduction
With the increasing demand for indoor location based service, indoor location technique has attracted great attentions in many areas. Traditional global positioning system performs well in outdoor environment but fails in indoor environment due to the blockage of walls [1] . In the past few years, the positioning methods based on radio frequency (RF), such as Bluetooth, Wi-Fi, have been proposed to realize effective indoor localization. However, the RF-based positioning technique is limited by electromagnetic interference and multipath effect, thus cannot reach high accuracy [2] . As a novel communication technology, visible light communication (VLC) can provide higher speed of data rate compared with RF-based technology. Moreover, VLC system is not limited by electromagnetic interference [3] . Thus a VLC-based positioning system can achieve higher accuracy than RF-based system.
A VLC-based positioning system can obtain the location information through several algorithms such as time of arrival (TOA), time difference of arrival (TDOA), angle of arrival (AOA), and received signal strength (RSS) [4] . In these algorithms, RSS based positioning systems have the advantages of simple structure and low cost. Moreover, in RSS positioning system, optical signal is directly detected, the receivers are widely used in daily life such as smart phones. Several schemes have been proposed to realize visible light positioning with RSS algorithms in the past few years [5] - [7] . However, in practical scenarios, the positioning accuracy of RSS system is limited by reflection and channel interference. Previous researches optimize the light emitting diode (LED) source layout or RSS positioning algorithms to improve the signal to noise ratio, thereby the influence of interference is reduced and the positioning accuracy is improved [8] - [10] . Ref. [8] improved the signal strength of LED source and shortened the distance between the LED sources to amend the negative effect of diffuse reflections. Ref. [9] proposed an iterative positioning algorithm employing the bilinear interpolation-based diffuse signal estimation method to reduce the limitation of the diffuse reflection on RSS positioning system. Ref. [10] derived the Cramer-Rao bound model of VLC system based on RSS algorithm and analyzed the theoretical accuracy of RSS positioning system.
In RSS based positioning system, the Lambertian model can describe the channel model between transmitter and receiver, and the trilateration equations can be used to calculate the coordinates of the receiver in principle. However, in practical scenarios, it is hard to calculate the coordinates of the receiver since the exit angle and incident angle are unknown. In order to calculate the coordinates of the receiver, the approximation that the received optical power is proportional to the distance between the transmitter's projection on target plane and receiver is employed in [11] . However, this approximation will cause the deviation of calculated coordinates from the actual position. In this paper, we designed a freeform optical antenna to obtain a linear illumination on the target plane. With this optimization of the light energy distribution of LED sources, the coordinates of the receiver can be calculated accurately. Moreover, the luminous flux designed is improved on the same area, which indicates that the signal to noise ratio is improved with the optical antenna.
The paper is arranged as following: the design process of the freeform optical antenna and the RSS positioning algorithm corresponding to linear illumination is introduced in Section 2. The simulation results are analyzed in Section 3. It is clear that the optical antenna can optimize the light intensity redistribution and improve the positioning accuracy. Finally, the conclusion is drawn in Section 4.
Freeform Lens Design Approach and RSS Positioning Algorithm Analysis

Freeform Lens Design Method
Freeform lens generally performs well in light control due to its flexibility. Previous researches on freeform lens have shown that it can achieve high uniformity illumination [12] , [13] or collimating illumination on the target plane [14] , [15] . In this paper a freeform lens is designed to obtain a linear illuminance pattern on the target plane.
According to Snell's law and basic geometric relationship, when light passes through surface of lens, the relationship of correlation angles is shown as Fig. 1 . Where θ I and θ O are azimuth angles of incident light and refractive light, and θ i and θ t are incident angle and refractive angle. θ T is the slope angle of the tangential vector T at the refractive point. According to [16] , the tangential vector T at refractive point is expressed as
In (1), n 1 and n 2 are refractive indices in the air and the lens. In this paper the lens material is set to be acrylic and the index n 2 = 1.49. Thus tangential vector T can be calculated as long as we know the azimuth angle of incident light θ I and corresponding θ O .
On the other hand, the relationship between the intensity of light emitted from the lens surface and the illuminance on the target plane is shown as Fig. 2 .
In Fig. 2 , I 0 is the intensity emitted from the LED source along the normal axis, and I 0 is the intensity of light emitted from the surface of lens along the normal axis. E 0 is the irradiance of the light along the axis on the target plane. I θ I is the intensity of light emitted from the LED source at an azimuth angle θ I , and I θ O is the intensity of refractive light emitted from the surface of lens at an azimuth angle θ O . E θ O is the irradiance of refractive light at an azimuth angle θ O . d is the thickness of lens, and h is the distance between light source and target plane. According to [16] , E 0 , E θ O , I 0 and I θ O satisfy the following relation:
In RSS positioning system, distance between transmitter and receiver is calculated according to received optical power. To accurately calculate the distance between transmitter and receiver, the objection of our freeform lens design is to make the optical power E θ O attenuates linearly from the center to the edge on the target plane, which is shown as Fig. 3 . Thus the relationship between received optical power and distance on the target plane can be expressed as
where x θ O is the distance from the center of target plane to the point with optical power of E θ O , and k is the coefficient between expressed as
According to energy conservation law, the energy emitted from LED source should be equal to that radiated from the lens if Fresnel's loss is neglected [16] - [18] , i.e. When the tangential vector T at each refractive point is calculated, the freeform lens can be constructed by using the method mentioned in [19] . The 2D outline of freeform lens is shown by Fig. 5 which shows the thickness of lens is 5 mm and an aperture diameter is 7 mm. Fig. 6 shows the 3D module of the freeform surface lens constructed with the SolidWorks software. The outer surface is the freeform surface while the inner surface is spherical with the center at the point (0, 0).
RSS Positioning Algorithm for VLC Positioning System With Freeform Optical Antenna
In RSS positioning system, the channel model is Lambertain type, the optical gain can be expressed as
where A is the active area of the receiver, ϕ is the exit angle of LED transmitter to the receiver, θ is the incident angle of the receiver, d is the distance from LED transmitter to receiver, m is the order of Lambertian emission and expressed as m = −ln2/ln(cosϕ 1/2 ). In an ideal situation, the distance between transmitter and receiver can be calculated according to (6) . A VLC positioning system with our designed freeform optical antenna can make the illumination of LED source on the target plane attenuates linearly with the radius. Fig. 7 shows the process of the positionging algorithm.
The positioning for such system has two stages. In the first stage, the redistributed illumination distribution of LED source mounted with the designed optical antenna is obtained by Tracepro simulation. Then several points are selected to establish the mathematical model of illuminance pattern. By linearly fitting the received optical power and coordinates of several known points, the relationship between received optical power and radius on the target plane can be expressed as R = a * E + b, where E is the received optical power, R is distance between transmitter's projection on target plane and receiver, a and b are linear coefficients. For the specific LED transmitters, a and b are constant as long as the height of LED transmitters is determined. In the second stage, the radius of arbitrary points on the target plane can be calculated by detecting the received optical power based on the established relationship R = a * E + b in the first stage. To take three LEDs in a transmitter cell for example, the coordinates of the receiver can be calculated by solving the trilateration equations expressed as
where (x 1 , y 1 ), (x 2 , y 2 ) and (x 3 , y 3 ) is known as the coordinates of three LED transmitters' projection on target plane. R 1 , R 2 and R 3 are distances calculated with R = a * E + b.
Simulation Results
Simulation Result of Illumination
Based on the method described in Section 2, a freeform optical antenna model is constructed by Solidworks. In order to consequent the design, illumination simulation is done by Tracepro. The relevant parameters are listed in Table 1 , and the results are shown in Figs. 8 and 9. Number of rays 1 million Fig. 8 . Received illumination distribution of a bare LED 1m above the target plane. Fig. 8 shows the illumination distribution on the target plane of a bare LED chip. The simulation result shows that the illumination distribution on target plane is not linear with bare LED chip because of its Lambertian emission type. Fig. 9 shows the illumination distribution on the target plane of a LED chip mounted with the designed freeform optical antenna 1m above the target plane. The relationship between the distance and illumination becomes linear on the target plane. It means that we can accurately calculate the distance by the linear illumination, and the positioning algorithm can be simplified. We note in Fig. 8 that the total flux on target plane is 73.201lm with bare LED chip, while improved to 93.511 lm in Fig. 9 , which means that the optical antenna we designed can improve the luminous flux by 20 lm on same target area. Fig. 10 shows a cell in a VLC positioning system. Three LED chips are employed as transmitters. The parameters of are listed in Table 2 . Fig. 11 shows the simulation result with bare LED chips as transmitters. The red crosses stand for real positions while the blue points are the positions calculated by localization algorithm. When bare LED chips are employed as transmitters, the position accuracy is limited due to the Lambertian emission type of LEDs. In Fig. 11 , the maximum deviation is 8.0 cm, and the standard deviation is 3.76 cm of all 46 points. Fig. 12 shows the positioning result with the designed freeform optical antenna mounted on LED chips as transmitters. The maximum deviation is reduced to 4.0 cm while the standard deviation is reduced to 2.09 cm of all 46 points, i.e. the accuracy of positioning system is improved by 44%. 
VLC Positioning System With the Aid of Designed Freeform Antenna
IEEE Photonics Journal
Localization Accuracy Improvement In practical scenarios, the height of LED lamps above the target plane is usually higher and the interval between neighboring LED lamps is greater. Besides, an LED lamp is usually made up by several LED chips, which means that the light source may have a certain size other than a point. In the following, the simulation is carried to research the influence of the height, interval of LED lamps and chip numbers. Fig. 13 shows that the positioning error uniformly decreases with employment of the freeform optical antenna we designed. At the height of 3.0 m, the standard deviation is decreased from 17.38 cm to 7.44 cm, i.e. the positioning accuracy is more than doubled. When the number of LED chips in a lamp increases, the size of light source increases and the illumination will be affected. In the corresponding design, the thickness of optical antenna is set to be 80 mm and the aperture diameter 120 mm. Fig. 14 shows the illumination with different number of LED chips in a lamp. The results indicate that the illumination distribution is always linear even with the increasing number of LED chips, which means that the designed freeform optical antenna is feasible for arbitrary number of LED chips in a lamp. Finally, a VLC positioning system with 3 lamps in a cell is simulated. Each lamp have multiple LED chips. The parameters are listed in Table 3 , which is close the practical application scenarios. Fig. 15 shows that the positioning RMS error is decreased because of the utilization of freeform optical antenna we designed, and the benefit is enhanced when the number of LED chips in a lamp increases.
Conclusion
In this paper, an optical antenna based on freeform lens design is proposed to increase positioning accuracy of RSS based position system. By mounting the designed optical antenna on a LED lamp, the linear illumination pattern is obtained on the receiver plane. The performance of the proposed optical antenna is evaluated by simulation in a three-LED indoor positioning system. With the designed optical antenna mounting on LED lamps in a RSS based VLC positioning system, the positioning algorithm is optimized and the positioning accuracy is improved by 44%. The results also show that the localization accuracy of a VLC positioning system utilizing the freeform optical antenna we designed is uniformly improved under different conditions. It makes sense for its possible applications in different practical scenarios like supermarkets, AGV robots, and so on.
